guanidine-HCl, urea, or heat treatment (Dynlacht et al., 1991; Tanese et al., 1991) . However, studies to date have not excluded the formal possibility of TAF II -independent activation mechanisms in HeLa nuclear extracts that may be different from those defined on the basis of TFIID-dependent systems reconstituted with purified factors.
To address this issue, we prepared HeLa nuclear extract lacking TBP and TAF II s by immunoaffinity chromatography. Passage through an anti-TBP antibody column efficiently depleted TAFII250 and TAFII135 in addition to TBP (Figure 2A and data not shown), whereas depletions of TAFII100, TAFII80, TAFII31, TAFII20, and TAFII15 were incomplete (data not shown). Given indications that human TAFII80, TAFII31, and TAFII20/15 may form a histone octamer-like structure within TFIID and that this complex may be stabilized by interactions with TAF II 100 (Tao et al., 1997 and references therein), we attempted to remove the remaining TAF II s on an anti-TAF II 100 antibody column. This step resulted in efficient depletion of TAF II 80 along with TAF II 100, whereas depletion of TAF II 31 and TAF II 20/15 remained incomplete and ranged from 50% to 75% ( Figure 1C and data not shown). Thus, the sequential immunodepletions generated a HeLa nuclear extract (NE [⌬D] ) deficient in TBP, TAFII250, TAFII135, TAFII100, TAFII80, and TAFII55 ( Figure 2A ). case, however, it is highly unlikely that they can function study.
as coactivators in the absence of TAF II 250, which is (B) Activation of TBP-and TFIID-dependent transcription from the essential for the assembly of minimal recombinant TBPAd2ML core promoter by GAL4-VP16 in heat-treated HeLa nuclear TAF II complexes capable of mediating transcription actiextract. 60 min standard transcription reactions (40 l) contained 100 fmol of promoter template, 90 g of heat-treated nuclear extract vation and core-promoter specificity in vitro (Chen et proteins (htNE) , 40 ng of GAL4-VP16, and 20 ng of 6His: TBP or al., 1994; Verrijzer et al., 1995) . equivalent footprinting units of f:TFIID. Specific transcripts were We first used standard 60 min transcription assays to analyzed by primer extension and visualized by autoradiography.
compare basal and activated transcription in NE [⌬D] Relative transcript amounts and fold activations are based on Phosfrom three different core promoters ( Figure 1A ) in the phorImager quantitation.
presence of equivalent footprinting units of 6His:TBP or f:TFIID. Transcription in NE[⌬D] was completely dependent on the addition of 6His:TBP or human f:TFIID (Fig- appear to contribute to maximum activation levels at ure 2B, lanes 3-8). Importantly, the basal activity of certain core promoters. However, interpretation of these f:TFIID relative to 6His:TBP varied significantly on differdata is complicated since TAF II s can either enhance or ent core promoters ( Figure 2B , lanes 5 and 7), suginhibit TBP basal activity in a core-promoter sequencegesting that TAF II s present in f:TFIID but absent in specific manner (Nakatani et al., 1990; Verrijzer et al., NE[⌬D] are required for TFIID core-promoter selectivity. 1995). A higher-fold stimulation of transcription in the Transcription activation by GAL4-VP16 was absolutely presence of f:TFIID as compared to 6His:TBP may reflect, dependent on the VP16 activation domain since the for example, relief of core promoter-specific TAF II -medi-GAL4 DNA binding domain alone (6His:GAL4[1-92]) had ated repression during the 60 min reaction, rather than no effect (data not shown). Complementation of NE [⌬D] more general TAF II coactivator functions (see below). with f:TFIID restored activation to levels comparable to those observed with untreated nuclear extracts ( Figure  GAL4 -VP16 Activates Transcription in TAFII-Deficient 2B, lanes 1-2 and 7-8). However, in contrast to studies HeLa Nuclear Extract by Stimulating the Formation employing transcription systems reconstituted with chroof PICs Capable of Rapid Transcription Initiation matographic fractions, and similar to observations in GAL4-VP16 has been reported previously to stimulate heat-treated nuclear extracts ( Figure 1B) , we also obboth functional preinitiation complex formation as well served strong transcription activation with 6His:TBP as levels of reinitiation during ongoing transcription ( Figure 2B , lanes 5-6).
( White et al., 1992) . To eliminate ongoing initiation in the Transcription activation levels with 6His:TBP and f:TFIID transcription reaction, we performed single-round tranwere comparable at the Ad2ML promoter, whereas at scription experiments as outlined in Figure 3A . Briefly, the hHSP70 and Ad5E4 promoters activation levels were the DNA template was preincubated with NE[⌬D] and about 3-fold higher with f:TFIID than with 6His:TBP. Thus, while not essential for activation per se, TAF II s either 6His:TBP or f:TFIID in the absence and presence assays of Figure 2B , we observed more than 30-fold (B) Activation of transcription from the Ad2ML, human HSP70, and activation on the Ad2ML promoter, more than 70-fold Ad5E4 core promoters by GAL4-VP16 in untreated HeLa nuclear extract (NE; lanes 1-2) or in TBP-and TAF II -deficient HeLa nuclear activation on the hHSP70 promoter, and more than 35- in the context of nuclear extract lacking major TAF II s.
Importantly, the single-round transcription experiments shown in Figure 3B also suggest that TAF II s deof GAL4-VP16 to allow PIC formation. 30 sec after addition of NTPs to initiate transcription, Sarkosyl was added pleted from NE[⌬D] but present in f:TFIID inhibit productive PIC formation in a core promoter-specific manner, to a final concentration of 0.08% to prevent de novo PIC formation, as well as initiation at preformed funcwith the Ad2ML promoter being less affected than the hHSP70 and Ad5E4 promoters. Furthermore, singletional PICs (Hawley and Roeder, 1987) . Indeed, transcription was completely abolished when 0.08% Sarkoround transcription conditions reveal a significantly higher-fold stimulation of transcription by GAL4-VP16, syl was added prior to the addition of NTPs, regardless of the absence or presence of GAL4-VP16 (data not with both TBP and TFIID, than do standard 60 min transcription assays (compare Figure 2B and Figure 3B ), shown). Thus, under these assay conditions the number of transcripts observed corresponds essentially to the suggesting that activator effects at the level of PIC formation may be obscured during prolonged incubation number of PICs that, at the time of NTP addition, are able to produce a stably elongating RNA polymerase II times in the presence of NTPs. Finally, the levels of GAL4-VP16-mediated transcripwithin 30 sec.
As shown in Figure 3B , GAL4-VP16 activated singletion observed with saturating amounts of TFIID relative to saturating amounts of TBP were 7-fold (Ad2ML and round transcription in NE[⌬D] supplemented with either 6His:TBP or f:TFIID on all three core promoters tested.
hHSP70 promoters) to 10-fold (Ad5E4 promoter) higher under 60 min standard transcription conditions ( Figure  At saturating 6His: TBP concentrations, comparable to those employed in the 60 min standard transcription 2B) than under single-round transcription conditions ( Figure 3B ). This may indicate an involvement of TAFIIs in the maintenance of high levels of reinitiation. However, it is important to point out that ongoing transcription 
in HeLa NE[⌬D]
Ad2ML promoter as described in Figure 3 .
A previous study (Tanese et al., 1991) reported that TAFIIs could restore transcription activation by the proline-rich activation domain of the mammalian activator SRB7 and exhibits moderate coactivator activity (Chao et al., 1996) . CTF1, but not by the strong acidic activation domain of VP16, in a transcription system reconstituted with TBP To investigate a potential contribution of human SRBs or SRB-containing complexes to transcription activation and other partially purified factors. We therefore performed single-round transcription experiments in nucle ar in unfractionated HeLa nuclear extracts, we performed immunodepletion experiments. In different experiments, extracts in the presence and absence of GAL4-CTF1. As expected, the absolute levels of activated transcripwe obtained only 30%-75% depletion of SRB7 by immunoaffinity chromatography of HeLa nuclear extract using tion in HeLa nuclear extract with GAL4-CTF1 were substantially (‫-5ف‬fold) lower as compared to GAL4-VP16 antigen-purified polyclonal anti-human SRB7 antibody ( Figure 5 , upper right, and data not shown). However, (data not shown). However, GAL4-CTF1 strongly stimulated both 6His:TBP-and f:TFIID-dependent singlepartial removal of SRB7 from HeLa NE resulted in a corresponding reduction of GAL4-VP16-mediated actiround transcription from the Ad2ML promoter in HeLa NE [⌬D] (Figure 4 ). These observations imply that stimuvated transcription levels with essentially no effect on basal transcription ( Figure 5 , lanes 7-10), whereas mock lation of productive PIC formation in the absence of TAF II s is not a consequence of the unusually strong depletions of HeLa NE with control antibodies and protein A-Sepharose had no effect on the level of SRB7 or acidic activation domain of VP16, and support the idea that TBP-dependent and TAF II -independent mechaon activated transcription ( Figure 5 , upper left and lanes 1-6). This suggests the presence of non-TAF II coactivanisms of transcription activation are of more general relevance.
tor activities in HeLa NE that may be related to RNA polymerase II-associated activities described in yeast.
Depletion of SRB7 from HeLa Nuclear Extracts
Correlates with a Selective Reduction of Discussion GAL4-VP16-Mediated Activated Transcription, but Not Basal Transcription, in Single-Round
Earlier studies employing cell-free systems reconstituted with purified GTFs had established an absolute Transcription Assays Modest transcription activation in the apparent absence requirement for a TFIID multiprotein complex, minimally composed of TBP, TAFII250, and various smaller TAFIIs, of TAFIIs has been previously reported in reconstituted yeast transcription systems containing coactivators, into recapitulate both transcription activation phenomena as well as core promoter-specific transcription in vitro cluding SRB proteins, associated with the CTD of RNA polymerase II (Kim et al., 1994; Koleske and Young, (reviewed in Burley and Roeder, 1996; Roeder, 1996; Verrijzer and Tjian, 1996) . Here, we demonstrate that 1994). SRB7 is one of the hallmarks of the yeast mediator/RNA polymerase II complexes, and anti-SRB7 affinmost TAF II s, including TAF II 250, are dispensable for transcription activation, but involved in core-promoter seity chromatography has been successfully employed to purify a human RNA polymerase II complex that contains lectivity, in HeLa nuclear extracts. Our findings not only parallel recent observations in yeast (Moqtaderi et al., 1994) , and this repression may be counteracted by an acidic activation domain in conjunction with TFIIA (Nishi-1996; Walker et al., 1996; Shen and Green, 1997) but also suggest more complex and possibly diverse roles kawa et al., 1997). Thus, the apparent correlation of efficient recruitment of TFIID by various upstream actiof TAF II s in both core promoter-selective repression of PIC formation and enhancement of secondary transcripvators at TATA-containing promoters and TAF II -dependent transcription activation in vitro (reviewed in Burley tion initiation events. Given the identification of coactivators in yeast that can mediate activator function in the and Roeder, 1996; Verrijzer and Tjian, 1996) may be attributed, at least in part, as relief of TAF II -mediated apparent absence of TAF II s (Kim et al., 1994; Koleske and Young, 1994) , our findings also imply the presence repression of TBP promoter-binding activity (see also Guermah et al., 1998) . of homologous or functionally related activities in human cells.
TAF II s May Function as Essential Cofactors for Transcription on Certain Genes and as TAF II-Independent versus TAFII-Dependent
Core-Promoter Sequence-Dependent Activation Phenomena In Vitro Regulators of TBP on Others Why are the coactivator functions of TAF IIs dispensable While indicating that human TAF IIs may not be generally in yeast and in crude human nuclear extracts but absorequired for activator function, our studies do not exlutely required in more purified metazoan in vitro tranclude the possibility that they may be required for the scription systems?
function of certain activators through previously proThere are several explanations that may be equally posed mechanisms involving direct activator-TAF II inrelevant. First, transcription activation in TAF II -depleted teractions (reviewed in Burley and Roeder, 1996 ; Vernuclear extracts may be mediated by coactivator activirijzer and Tjian, 1996) . Moreover, in light of the idea that ties that were absent in the reconstituted in vitro sysactivators may counteract TAF II -mediated repression of tems employed earlier, and hence reflect a true functranscription, it is tempting to speculate that TAF II s, tional redundancy. Although further biochemical analyses while not absolutely required for transcription on certain must determine the precise nature of other human cogenes, may still contribute to the regulation of most or activators that may substitute for TAF II coactivator funcall genes in vivo as core-promoter sequence-specific tion in vitro, our present study points to human homoregulators of TFIID (TBP) function-either at the level of logs of yeast SRBs as potential candidates.
TFIID-core-promoter binding or by affecting the ability Second, since the continuous presence of an activaof promoter-bound TFIID to promote formation of a tion domain appears to be required for the maintenance functional PIC. Such a model may accomodate the apof high levels of ongoing transcription initiation both in parently contradictory observations in metazoan cellvitro (White et al., 1992) and in vivo (Ho et al., 1996) , free systems and in yeast. It may also help to explain the presence of TAF II s might be equally important for why certain transcription activators affect transcription efficient reinitiation. Indeed, our data suggest that while from various core promoters differentially (Emami et al., not essential for stimulation of functional PIC assembly 1995 and references therein). in single-round transcription assays, TAF II s appear to
Our present study provides a basis for further investienhance ongoing transcription initiation during "multigations to reevaluate the role of human TAF II s in tranple-round" transcription conditions. Thus, TAF II-depenscription activation and core-promoter selectivity and dent reinitiation effects may have obscured alternative to identify novel human coactivator activities, potentially activation mechanisms at the level of PIC formation unhomologous to or functionally related to components der certain reaction conditions. of the recently described mediator/RNA polymerase II Finally, transcription activation in the absence of TAF IIs complexes (reviewed in Bjö rklund and Kim, 1996) , that may reflect a redundancy in activation domain function may be more generally required for transcription acti-(i.e., the capability to interact with non-TAF II components vation. of the general transcription machinery) that is detected only under conditions where productive PIC formation Experimental Procedures is impaired. Indeed, the loss of activator responsiveness that accompanies increased purity of GTFs in cell-free
Promoter Constructs
The G5Ad2ML template pTO G5ML(Ϫ51/ϩ62) has been described systems coincides with increased basal transcription (Oelgeschlä ger et al., 1996) . The G5hHSP70 template pTO G5HSP activity (our unpublished data). Moreover, several co-(Ϫ49/ϩ39) was obtained by replacing Ad2ML promoter sequences activators that can restore activator function in highly from Ϫ49 to ϩ39 in pTO G5ML(Ϫ51/ϩ62) with a synthetic DNA fragpurified systems may also repress basal transcription. ment containing the human HSP70 core-promoter sequences from These include positive cofactors (PC2, PC3/topoisomer-Ϫ49 to ϩ39. The G5Ad5E4 template pYKG5E4T was constructed ase I, and PC4) originally derived from the USA fraction by ligation of a 295 bp EcoRI/ClaI PCR insert derived from pG5E4T (Lin et al., 1988) into pGEM7Zf(ϩ/Ϫ) (Promega).
and HMG-1 (reviewed in Kaiser and Meisterernst, 1996) .
Most importantly, in relation to the latter point, TAFIIs
Nuclear Extracts and Proteins also have been shown to exert negative effects on TBPHeLa nuclear extracts (Dignam et al., 1983) and purified proteins dependent basal transcription depending on the core- 1995; this paper). In particular, the N-terminal part of NP-40, 0.5 mM PMSF) containing 100 mM KCl (B C-100) at Ϫ80ЊC.
Drosophila TAF II 230 has been reported to negatively regInactivation of TFIID in HeLa nuclear extract by heat treatment at 47ЊC was performed as described (Nakajima et al., 1988) . HeLa ulate TBP TATA box-binding activity (Kokubo et al.,
